Abstract In our previous work, a perturbed hard-trimersphere equation of state (PHTS EOS) was developed for modeling the phase equilibria of pure ionic liquids (ILs) (M.M. Alavianmehr et al., Ionics 22 (2016) 2447-2459. In this work, we have successfully extended the model to the mixtures of IL + IL and IL + solvent. Two temperaturedependent parameters appearing in the EOS are correlated with two microscopic scaling constants σ, the effective hardsphere diameter, and ε, the non-bonded interaction energy. The overall average absolute deviation (AAD) of the estimated densities from the literature data using the proposed model with and without non-additivity parameter (λ ij ) was found to be 0.44 and 0.79%, respectively. A modified Enskog equation and rough hard-sphere (RHS) theory are combined with our proposed equation of state to calculate the viscosity coefficient of ionic liquids and their mixtures. Finally, from the results obtained, a linear relation between logarithm of surface tension and viscosity property of ionic liquid was developed.
Introduction
As we know, ionic liquids (ILs) are organic salts that are liquid near room temperature. They have a negligible vapor pressure under normal operating conditions and have a large liquid working temperature range. In general, ILs have many favorable properties which make them attractive for scientific community. Understanding thermophysical properties of pure ILs and their mixtures is essential to determine potential applications [1] .
In recent years, some computational methods have been proposed for predicting densities of ionic liquids. Palomar et al. [2] used COSMO-RS predictive model which was based on the quantum chemistry. Group contribution (GC) and the related methods such as GC-EOS have also been widely used by numerous researchers to predict the density of ILs. Gardas and Coutinho [3] extended group contribution model to predict the density of ILs as a function of the temperature and pressure for varieties of ionic liquids. Valderama et al. [4] presented an artificial neural network and group contribution method to correlate the density of ILs. Aparicio et al. [5] reviewed the available predictive models as well as experimental data reported in literature for the thermophysical properties and especially density and PVT behavior of ionic liquids. Further, a perturbed hard-sphere equation of state has been employed to predict the pressure-volume-temperature properties of some pure and mixture of ionic liquids [6] [7] [8] [9] . Also, they predicted the volumetric properties of ILs using Ihm-Song-Mason (ISM) [10] and Tao-Mason [11] equations of state. Hosseini et al. [12] have assessed the role of harddimers to present an alternative perturbed hard chain (PHC) EOS for ILs. The performance of the perturbed hard-dimer chain (PHDC) model has also been checked for density of ILs. The Tao-Mason (TM) EOS has been employed to model the pressure-volume-temperature (PVT) properties of ILs by the help of an alternative corresponding states correlation based on the measurable scaling constants, i.e., surface tension and liquid density [13] . Alavianmehr and co-workers have revised an attractive part of the preceding EOS by reevaluating the abovementioned variable parameter as well as the repulsive term. Two temperature-dependent parameters appearing in the revisited EOS have been determined from the corresponding states correlations using the interfacial properties of ILs, i.e., surface tension and liquid density, both at room temperature [14] .
Recently, Alavianmehr et al. [15] developed a new version of the PHC EOS, by employing a trimer expression from the statistical associating fluid theory-trimer (SAFT-T) as the reference physical model. The perturbation part of the proposed EOS was taken from the van der Waals dispersion forces. The proposed model was employed to predict the volumetric properties of polymers. In our previous work [16] , we examined the predictive power of this EOS for the prediction of the liquid density, isothermal compressibilities, and thermal expansion coefficients as well as the heat capacities and vapor pressure of pure ILs. For this purpose, 39 ILs with various anions were chosen. Our calculation results were summarized as average absolute deviation percent (AAD%) from the literature data. From 6331 data points examined for the studied pure ILs over a broad pressures ranging from 0.1 to 200 MPa and temperatures ranging from 273 to 472.6 K, the AAD was found to be 0.18%.
In the present study, this model is successfully applied to predict thermophysical properties of mixtures containing ionic liquids. Thermophysical properties consist of densities, surface tensions, and viscosity coefficients.
Liquid viscosity is an important transport property in chemical process design. Therefore, prediction of the viscosity coefficient of ionic liquids is a very useful task. Starting from the pioneering work of Hsu and Eyring [17] on the application of the significant structure theory to the calculation of the viscosity of liquid alkali metals, other theoretical prediction methods have been developed so far for this purpose. The temperature dependence of transport properties of fluids is also essential for the most industrial applications, and intensive research has been done for their measurement [18] [19] [20] . Fluid viscosity, among other transport properties, can be measured basically with high accuracy. Experimental viscosity of dilute gases and its temperature dependence are used as essential properties for accurate determination of molecular information such as pair interaction potential function. These properties accurately furnish the basic information of fluids so that their correlations provide a good insight into different fluid classes. In this work, we propose a correlation for the temperature and density dependence of the viscosity coefficient of ionic liquids. The correlation has a similar mathematical expression as the modified Enskog theory expression [21] for the viscosity of dense fluids. It is shown that the present approach can well predict the viscosity coefficient of ionic liquids within a few percent of experimental measurements. In the present work, the liquid viscosity for ILs is predicted using the PHTS model in conjunction with the modified Enskog method and rough hardsphere (RHS) theory [22] .
Liquid surface tension as an equilibrium thermodynamic property is also as important as viscosity in the design of industrial applications. Surface tension of a liquid is related to the intermolecular interaction potential energy and the liquid interfacial microstructure; it decreases linearly with temperature in the range of freezing to the boiling temperature and vanishes non-linearly close to the critical point [23] [24] [25] [26] . Like viscosity, surface tension can be measured with high accuracy. The temperature dependence of surface tension, the negative surface entropy, can be used to characterize fluids in terms of the molecular energetics and surface microstructure. Contrary to viscosity, the surface tension decreases very smoothly with temperature; its dependence on temperature is constant and close to one another for most normal liquids [27, 28] .
In the present study, we have evaluated PHTS EOS by predicting the surface tension for ionic liquids. The thermophysical properties of mixtures are important because they depend on the composition and/or temperature and are of great importance in understanding the nature of molecular aggregation that exists in the binary mixtures.
Theory Equation of state for single substance
The general form of PHTS EOS is as follows:
In Eq. (1), the reference equation takes the form proposed by Srivastava and Khanna [29] . The formalism mentioned here is based on the assumption that the chain formed by the pairs of trimers:
The reference system is the new version of the hard-sphere (HS) model expressed by Malijevsky and Veverka (MV) equation [30] :
where y is the packing fraction of hard-core which is defined as:
The perturbed term used in this work is van der Waals attractive form:
The two temperature-dependent parameters a(T) and b(T) can be expressed in terms of the universal function of reduced temperature according to the law of corresponding states principle. They are correlated with the hardsphere diameter, σ, and the non-bonded interaction energy between two trimer spheres, ε, according to the following equations:
where F a and F b are the universal functions of the reduced temperature (k B T/ε), which can be written as the following formula:
Mixture version of the model
The mixture version of the proposed equation of state can be written as below: 
where x i and x j are the mole fractions of ith and jth components, respectively. η m is the packing fraction of the mixtures of hard-spheres [31] . This parameter is defined by the following expression:
The compressibility factor of hard-sphere mixtures takes the form:
The attractive forces between two hard-sphere species of a mixture including i and j components can be written as follows:
The present method for calculating two temperaturedependent parameters can be extended to mixtures by using simple geometric and arithmetic mean for the adjustable scaling constants, i.e.,
and
where λ ij is a binary interaction parameter which shows non-additivity of the mixture. Further, the universal function F for ij mixture is proposed to be obtained by the following geometric mean from its corresponding ones for pure substances, i.e., Eqs. (8) and (9):
Results and discussion
In previous section, a new equation of state was developed to model thermophysical properties of ILs and their binary mixtures. To utilize the proposed PHTS EOS, the values of two pure component parameters, σ and ε, of studied ILs and solvents must be characterized. Physically, theses parameters reflect the hard-core diameter and non-bonded interaction energy between pair-wise trimers, respectively. In this work, these parameters were optimized for each ILs and solvents by fitting the proposed model with experimental densities data. To achieve this goal, the following objective function was minimized using the least-squares method:
where M and n represent thermodynamic properties and the number of relevant density data points for a given ILs and/or solvents, respectively. The numerical values of optimized pure component parameters of studied fluids are reported in Table 1 . Generally, from 1927 literature data points applied to nine studied ILs (cited in Table 1 ), the minimum value of OF was found to be 0.080.
In the present study, the proposed model is extended to various binary mixtures formed by ILs and molecular solvents including water, ethanol, methanol, 1-propanol, THF, and acetonitrile using some mixing and combining rules. Table 2 tabulates the AAD of the predicted densities of several binary of IL + IL and IL + solvent mixtures at various temperatures and mole fractions from literature values [32] [33] [34] [35] [36] [37] [38] [39] . Besides, the maximum deviations (MD) of the calculations have also been included in Table 2 . It should be mentioned that the maximum deviation of the calculated volumetric properties of all binary mixtures studied in this work was found to be 3.46%. It is noticeable that the uncertainty of the calculated density for all binary mixtures studied in this work was of the order of ± 1.55 in temperature range 278-358 K and atmospheric pressure.
In the current work, the non-additivity effect on our proposed model has also been investigated. Table 2 lists the results with and without the non-additivity effect. The AADs of the predicted mixture densities for 1927 data points using the present model were found to be 0.44 and 0.79% with and without adjustable parameter (λ ij ), respectively. As Table 2 shows, the numerical values of Table 1 The scaling pure component parameters to be used in Eqs. (4), (5) and (18) M W (g mol In general, a wide space of experimental data points regarding the binary mixtures has been taken to check the predictive power of the proposed EOS. To show how the mixture version of our model passes through the experimental points, Fig. 1 has been provided. To ascertain the degree of reliability of the present model, we compare the correlated and predicted results from the proposed model with other models given in literature. In this respect, we compare the outcomes of our calculations with those obtained from Fadaei-Nobandegani et al [40] . Table 3 contains the AAD of the calculated densities of binary mixtures using the present model and other equations of state [40] from the literature data [32] [33] [34] [35] [36] . Close inspection of the results shows the ability of the present model to describe liquid density data for IL mixtures. Interestingly, the results are in favor of superiority of the present model over the one proposed in literature [40] . The proposed model was further evaluated by prediction of other thermophysical properties including viscosity and surface tension.
Viscosity

Modified Enskog theory
According to the modified Enskog theory (MET) [21] , the viscosity coefficient of a dense gas of rigid spherical molecules is related to pair distribution function, density, and dilute gas viscosity. As we know, MET is applicable to dense gases and therefore cannot be applied to liquids. Therefore, we take the simple form of MET and propose the following equation for the viscosity of liquids:
where α, β, and ω are adjustable parameters. The experimental viscosities over wide range of temperatures and pressures were used to fix aforementioned adjustable parameters. The values of α, β, and ω are reported in Table 1 .
Rough hard-sphere-based model
The proposed RHS model for transport properties of ILs can be expressed as [22] :
where η * is reduced viscosity and η is dynamic viscosity in Pas units. η SHS-MET * is the relevant expression to viscosity from smooth hard sphere-modified Enskog's theory, viz.:
In this study, C η is proposed to be expressed in terms of universal function of reduced pressure (P r = P / 0.1 MPa) 
In Eq. (19), F η is a temperature-dependent function which is expressed in terms of the reduced temperature (T r = k B T / ε) as follows:
where k B T is thermal energy per one molecule. The coefficients c 1 -c 3 were fixed for each IL by correlating the viscosity data at 0.1 MPa and their numerical values were reported in Table 4 . Table 5 contains the AAD of the calculated viscosity coefficients of studied pure ILs from the experimental ones [33, 34, 37, 39, [41] [42] [43] [44] [45] [46] [47] [48] in temperature interval 278-363 K and atmospheric pressure. For 150 data point examined, the overall AADs for MET and RHS models were found to be 5.78 and 6.06, respectively. Further, Fig. 2 displays the predicted viscosity of several pure ILs in terms of temperature in atmospheric pressure using the MET method. Our results are in accord with those given in literature. It should be mentioned that the errors associated with the calculated viscosity using our model are of the order of ± 26.40.
Extension to mixtures
It is interesting to check further the present model by predicting the viscosity of mixtures. In this regard, the ideal Grunberg and Nissan mixing law [49] was employed to predict the mixture viscosity of ionic liquids as follows:
where η m represents the absolute viscosity of the mixture, x i is the mole fraction of component i, and η i is the absolute viscosity of pure component i. k 12 is an interaction parameter. Figures 3 and 4 represent the calculated viscosity of binary mixtures formed by ILs in terms of mole fraction and at different temperatures and atmospheric pressure. The results show that the model is able to describe liquid viscosity data for binary mixture of ILs. We have calculated the viscosities of binary mixtures of ILs over the whole range of concentration. Further, Table 6 shows the AAD of the calculated viscosities of mixtures of several ionic liquids from the experimental ones [33, 34, 37, 39] . From 661 data points examined for the aforementioned mixtures, the mean AAD of the predicted viscosities from measurement was found to be 22.48% and 9.79 without and with binary interaction parameter. The pleasure harmony between the results and those obtained from literature confirms the reliability of our model. illustrates, the viscosity of IL mixture can be shown well by the present model. Finally, we assessed the proposed MET model by studying the excess viscosity of IL-IL and IL-solvent systems which is defined as:
The excess behaviors of two selected IL-IL and IL-solvent systems were predicted using the proposed MET model, and the results were compared with those obtained from experimental mixture viscosity data [34, 39] . The outcomes of the computations are shown in Fig. 6 . (a) Fig. 5 The viscosity of some selected ionic liquids in terms of pressure.
The markers represent the literature data [51, 52] 
where C and D are substance-dependent constants and, for studied ILs, constants C and D are reported in Table 7 . The exponent ϕ = 0.30 is used in Eq. (25) to fit the imidazoliumbased ILs with simple anion content using the experimental viscosity [41] and surface tension [54] data. In Fig. 7 , the surface tension in terms of temperature has been provided and compared with literature data [42, 45, 46, 54, 55] . The results show that the model is able to describe surface tension data for pure ILs.
To assess further the degree of accuracy of the proposed model, we compare the AADs of our calculations with those obtained from other methods. In Table 7 , we have listed the AAD of the predicted surface tension for 81 data points using the present model, the results obtained from the Alavianmehr et al. [56] , quantitative structure-property relationship (QSPR) strategy [57] , and corresponding states group contribution (CS-GC) method [58] from the literature data [42, 45, 46, 54, 55] . The interesting point of the present study is that the AADs of the calculated surface tension from the present model are remarkably lower than those obtained from other methods. The overall AAD of the predicted surface tension for 81 data points using the present model, Alavianmehr et al., QSPR, and CS-GC methods were found to be 0.29, 1.45, Table 7 The scaling constants to be used in Eq. (25) and AAD (%) of the calculated surface tension using the present model and those obtained by Alavianmehr et 7 .73, and 4.14%, respectively. As we can see from Table 7 , the present model is the most accurate among other abovementioned methods. It should be mentioned that the error propagation uncertainty of calculated surface tension was of the order of ± 1.73.
Conclusion
We successfully applied the PHTS EOS to the mixture of ILs using alternative corresponding states correlations for two temperature-dependent parameters that appeared in the EOS. When tested against experimental data, the calculated liquid densities for binary mixtures including IL + solvent and IL + IL gave the mean average absolute deviations of 0.44% for 1927 data points. Also, we showed that the liquid densities and molecular parameters taken from previously developed EOS were adequately rational for predicting the densities of mixture involving ILs using some simple mixing rules.
The thermophysical properties such as viscosity and surface tension were predicted by the present model. When compared with other works and also with literature data, the accuracy of our model was further revealed. The predicted viscosity coefficient and surface tension of ionic liquids were in good agreement with experimental data.
Finally, the non-additivity behavior of the studied mixtures was also investigated. The sign of the non-additivity parameter indicates a tendency toward attraction between the dissimilar molecules in the mixture. However, the value of this parameter was not large, which implied that the hard-sphere model is able to model the excess properties of the present mixtures. However, considering the non-additivity effect in our calculations showed that this effect can improve slightly the results of mixture densities. 
